The DNA replication machinery (replisome) often encounters obstacles along the genome that can cause replication fork arrest[@R1],[@R2] ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}). In bacteria, replication, transcription, and translation occur concurrently, and RNA polymerase (RNAP) transcribing the lagging strand (head-on relative to replication) is a well-known obstacle encountered by the replisome[@R1],[@R4]-[@R7],[@R9],[@R11]-[@R14]. Transcription-replication conflicts are compounded during rapid growth when transcription initiation of many genes, especially those encoding the protein synthesis machinery, increases. In *Bacillus subtilis*, head-on conflicts between replication and transcription slow the overall rate of replication fork progression, largely due to obstruction of the replisome[@R9],[@R12].

Ribosomal RNA (rRNA) genes ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}) are among the most highly expressed in rapidly growing bacteria, and are co-directional with replication (i.e., encoded on the leading strand), thereby avoiding head-on conflicts[@R3]. Nonetheless, co-directional encounters between bacterial replication and transcription machineries seem inevitable since the rate of replication (\~500-1000 nucleotides/sec) is \~10-20 times faster than that of transcription[@R1]. The potential for co-directional conflicts is widely recognized[@R1],[@R2],[@R11], but these conflicts have not been detected *in vivo*[@R4]-[@R6],[@R9], with the exception of co-directionally positioned transcription terminators that can inhibit replication fork progression[@R7]. In addition, during co-directional encounters engineered to occur *in vitro*, the replicative helicase translocating along the lagging strand simply displaces RNAP translocating along the leading strand[@R2],[@R8]. Thus, co-directional encounters are generally thought to have little or no effect on replication[@R1],[@R2],[@R11].

All organisms have mechanisms for loading a helicase onto DNA during replication fork assembly. DnaA-dependent mechanisms load the replicative helicase at the origin of replication, *oriC*, and recombination-based and PriA-dependent mechanisms restart forks from stalled sites[@R15]. Although DnaA and PriA are ubiquitous, other helicase-loading proteins differ among bacteria. In *B. subtilis*, and other low G+C Gram-positive organisms, DnaD and DnaB participate in loading the replicative helicase, DnaC, both at *oriC* and during replication restart at stalled forks[@R16]-[@R20]. We measured association of DnaD, DnaB, and helicase with chromosomal regions using chromatin immunoprecipitation (ChIP) and either quantitative real time PCR (ChIP-qPCR) to detect specific regions, or hybridization to DNA microarrays (ChIP-chip) for genome-wide analysis (Methods).

We analysed head-on conflicts between transcription and replication in a specific chromosomal region. Pxis, a promoter from the conjugative transposon ICE*Bs1*, is highly expressed in the absence of the transposon-encoded immunity repressor ImmR (Methods). Using ChIP-qPCR, we found that there was a 2-fold increase in association of DnaD, DnaB, and helicase with the chromosomal region (*thrC*) expressing a Pxis-*lacZ* fusion compared with other chromosomal regions ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}). In contrast, when Pxis-*lacZ* was off, in cells containing ICE*Bs1* and its repressor, there was no detectable enrichment of these proteins ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}). Thus, head-on conflicts between replication and transcription *in vivo* can be detected by increased association of the replicative helicase and the replication restart proteins with the region of conflict. The association of helicase likely indicates replisome stalling in this region. Association of DnaD and DnaB indicates that these proteins are most likely acting to reload the helicase for replication restart. It is formally possible that DnaD and DnaB are part of the replisome or are associated with the replication fork. If true, then their association could indicate fork stalling and/or restart. However, neither DnaD nor DnaB are required for replication elongation, nor do they appear to be associated with the replication fork[@R21],[@R22]. Thus, it seems most likely that their association is indicative of replication restart.

We also detected the head-on conflict between replication and transcription in ChIP-chip assays. When Pxis-*lacZ* was expressed, there was increased association of DnaB with this region ([Fig. 1a](#F1){ref-type="fig"}). In contrast, in cells not expressing Pxis-*lacZ*, there was little or no detectable association of DnaB with this region ([Fig. 1b](#F1){ref-type="fig"}), although there was association of DnaB with other chromosomal regions (see below). These results indicate that association of DnaB with the region near Pxis*-lacZ* depends on transcription from Pxis.

We analysed genome-wide association of the replication restart proteins DnaD and DnaB in wild type cells using ChIP-chip. There was significant enrichment of the *oriC* region and the 10 *rrn* (rRNA) loci in the DnaD ([Supplementary Fig. 4a](#SD2){ref-type="supplementary-material"}) and DnaB ([Fig. 2a](#F2){ref-type="fig"}; [Supplementary Fig. 5](#SD2){ref-type="supplementary-material"}) immunoprecipitates compared to most other chromosomal regions (Supplementary Discussion). *rrn* loci are among the most highly transcribed genes during rapid growth and are transcribed on the leading strand. The presence of DnaD and DnaB might be indicative of replication restart after fork stalling in these highly transcribed regions. This enrichment was dependent on rapid growth. During slow growth in minimal medium, there was little or no detectable enrichment of *rrn* loci in the DnaD ([Supplementary Fig. 4b](#SD2){ref-type="supplementary-material"}) or DnaB ([Fig. 2b](#F2){ref-type="fig"}; [Supplementary Fig. 5](#SD2){ref-type="supplementary-material"}) immunoprecipitates. Since the genome sequencing project for *B. subtilis* used a "consensus sequence" for all rRNA genes[@R23], and the sequences of each were reported as identical, our results indicate that at least one, and likely multiple *rrn* loci are enriched in the immunoprecipitates (see below), and that this enrichment is reproducible and most noticeable during rapid growth when the *rrn* loci are most highly expressed.

We also used ChIP-qPCR to measure association of DnaD and DnaB with *rrn* loci. Primer pairs were designed to detect DNA from three different regions of rRNA genes ([Supplementary Fig. 2b-d](#SD2){ref-type="supplementary-material"}): 1) a region unique to *rrnD* immediately upstream of its 16S gene and far from *oriC* ([Supplementary Fig. 2a, b](#SD2){ref-type="supplementary-material"}); 2) a region just upstream and overlapping the 16S genes of *rrnO, E, D, B* ([Supplementary Fig. 2c](#SD2){ref-type="supplementary-material"}); and 3) a region that should be common to all 23S genes ([Supplementary Fig. 2d](#SD2){ref-type="supplementary-material"}). There was significant enrichment of the *rrn* loci in samples from both the DnaD ([Fig. 3a](#F3){ref-type="fig"}) and DnaB ([Fig. 3b](#F3){ref-type="fig"}) immunoprecipitates, similar to the results from the ChIP-chip analyses ([Fig. 2](#F2){ref-type="fig"}; [Supplementary Fig. 4](#SD2){ref-type="supplementary-material"}). The ChIP signals were similar with all three probes because the qPCR normalizes to the number of copies of each region. These results indicate that DnaD and DnaB are associated with *rrnD*, and likely most or all *rrn* loci.

Even though co-directional conflicts between replication and transcription are not thought to be deleterious to replication[@R2],[@R4]-[@R7], the association of DnaD and DnaB with *rrn* loci is most likely due to replication fork stalling and restart. If true, then this association should depend on transcription, and the replicative helicase should also be associated with *rrn* loci. There was a decrease in association of DnaD ([Fig. 3a](#F3){ref-type="fig"}) and DnaB ([Fig. 3b](#F3){ref-type="fig"}) with *rrn* loci after inhibition of transcription initiation with rifampicin (which blocks RNAP at the promoter). In addition, the replicative helicase was associated with *rrn* loci during rapid growth ([Fig. 4](#F4){ref-type="fig"}), and this association also decreased following treatment with rifampicin ([Fig. 4](#F4){ref-type="fig"}). Using strains in which replication initiates from an ectopic origin inserted near *oriC* to maintain proper orientation of transcription and replication (Supplementary Discussion), we found that association of helicase at the *rrn* loci was independent of DnaA and replication initiation from *oriC* ([Fig. 4](#F4){ref-type="fig"}). Together, these results support the hypothesis that association of helicase, DnaD, and DnaB with the *rrn* loci is a consequence of replication fork stalling and restart due to co-directional conflicts between replication and transcription. These results, and the finding that association of DnaD, DnaB, and helicase with the *rrn* loci was dependent on rapid growth, indicate that a high density of elongating RNAP molecules cause replication fork stalling and restart. We estimate that there are at least 40, and more likely \>100, RNAP molecules per rRNA operon in *B. subtilis* during rapid growth (Supplementary Discussion).

The essential replication restart protein PriA was required for association of DnaD and DnaB with *rrn* loci ([Fig. 3](#F3){ref-type="fig"}). PriA enables the resumption of replication at regions of replication fork collapse[@R15]-[@R17],[@R19],[@R24]-[@R26]. *priA* mutants interact genetically with mutations that affect RNAP progression and stability[@R27],[@R28], indicating a possible role for the restart machinery in resolving conflicts between transcription and replication *in vivo*. In a partially defective *priA* mutant (Methods), association of DnaD and DnaB with the *rrn* regions was reduced ([Fig. 3](#F3){ref-type="fig"}). These results strongly support the conclusion that PriA, DnaD, and DnaB are functioning in replication restart at rRNA genes ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}).

*In vitro* studies with purified *E. coli* proteins indicate that during both co-directional and head-on encounters between the replisome and RNAP, RNAP is displaced and the replisome resumes replication without coming off the DNA, without the need for replication restart proteins[@R8],[@R10]. It is not clear if or how frequently this happens *in vivo* in rapidly growing cells where the replisome likely encounters multiple RNAP molecules aligned in tandem at highly transcribed genes[@R4]. Cells have mechanisms for removing RNAP to allow progression of replication forks[@R13],[@R14],[@R27],[@R29], thereby avoiding such conflicts.

Our findings indicate that *in vivo*, both head-on and co-directional encounters between replication and transcription can lead to replication fork stalling and recruitment of the helicase loading machinery. Head-on encounters are clearly more severe since inversion of *rrn* operons causes an appreciable slowing of replication[@R4]-[@R6],[@R9]. Helicase loading machineries are likely utilized in all organisms to restart replication in regions of both head-on and co-directional transcription-replication conflicts. During these conflicts, the helicase will sometimes disengage from the template DNA, leaving behind a forked DNA substrate with a single stranded region on the lagging strand. PriA binds strongly to this type of substrate. This is likely followed by the sequential recruitment of *B. subtilis* DnaD and DnaB, and then DnaI-mediated loading the replicative helicase[@R17] ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}).

We estimate that \~5-10% of cells in an asynchronous population have a conflict between the transcription and replication machineries at a rRNA operon. This estimate is based on an \~50-100-fold greater association of helicase at *oriC* in a synchronous population at the time of replication initiation[@R20] than at one of the ten rRNA operons, assuming that there are similar crosslinking efficiencies at *oriC* and *rrn* loci. The co-directional conflicts between replication and transcription likely account for a significant fraction of endogenous events requiring repair of stalled replication forks[@R1],[@R26], and may even account for some of the sensitivity to rapid growth conditions of *priA* mutants defective in replication restart[@R25],[@R30]. Since inability to repair a stalled fork would prevent completion of a replication cycle and the production of viable progeny, there is strong selective pressure to avoid such catastrophes.

In conclusion, even though they are co-directionally aligned, highly transcribed *rrn* loci with a high occupancy by RNAP are natural obstacles for replication *in vivo*. This can cause replication fork stalling and/or collapse that leads to the intervention by the replication restart machinery ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"}).

Methods Summary {#S1}
===============

Strains are listed in the [Supplementary Table](#SD2){ref-type="supplementary-material"}. Relevant properties are described in the text. Strain constructions, growth conditions, and oligonucleotides are described in Methods. Standard procedures were used for ChIP experiments and are described (Methods). Full Methods and associated references are available in the online version at [www.nature.com/nature](http://www.nature.com/nature).
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Strains {#S4}
=======

*B. subtilis* strain 168 (*trp*) and derivatives of strain JH642 (*trp phe*) were used for all experiments ([Supplementary Table](#SD2){ref-type="supplementary-material"}) and were constructed by standard procedures[@R31]. The *priA* mutation was constructed by attaching an *ssrA*\* tag onto the 3′-end of *priA. ssrA*\* encodes a tag that makes the gene product unstable in the presence of the adaptor protein SspB[@R32]. A PCR product carrying a C-terminal fragment of *priA* was cloned into pKG1268 to give the plasmid pGCS-priA. This plasmid was introduced by single crossover into *priA*, generating *priA-ssrA*\*, in strain KG1098 (*amyE*::{Pspank(*-7TA*)*-sspB, spc*}) that contains *sspB* under control of the weakened IPTG-inducible promoter Pspank(-7TA)[@R32]. The *priA-ssrA*\* mutant (WKS338) was defective even in the absence of induction of SspB expression, likely because of the low level of expression without induction.

Media and growth conditions {#S5}
===========================

For all experiments, cells were grown at 30°C and samples taken during mid-exponential phase. Growth was in either rich medium (LB) or LeMaster minimal medium[@R33], prepared as follows: L-Ala 0.5 g, L-Arg(HCl) 0.58 g, L-Asp 0.41 g, L-Cysteine 0.03 g, L-Glu 0.67 g, L-Gly 0.54 g, L-His 0.06 g, L-Ile 0.23 g, L-Leu 0.23 g, L-Lys(HCl) 0.42 g, L-Met 0.5 g, L-Phe 0.13 g, L-Pro 0.10 g, L-Ser 2.08 g, L-Thr 0.23 g, L-Tyr 0.17 g, L-Val 0.23 g, adenine 0.5 g, guanosine 0.67 g, thymine 0.17 g, uracil 0.5 g, sodium acetate 1.50 g, succinic acid 1.50 g, ammonium chloride 0.75 g, sodium hydroxide 1.08 g, anhydrous K~2~HPO~4~.3H~2~O 8.0 g were suspended in one liter of dH~2~O and autoclaved. The pH of this pre-medium was checked and adjusted to \~7.5 if necessary. The final medium was completed by the addition of filtered-sterilized glucose (10 g/100 ml), MgSO~4~.7H~2~O (0.25 g/100 ml), FeSO~4~ (4.2 mg/100 ml), thiamine-HCl (5 mg/100 ml) and concentrated HCl (8 μl/100 ml).

ChIP-chip analysis {#S6}
==================

Polyclonal rabbit anti-DnaB and anti-DnaD antibodies were produced and tested as described[@R34]. Preparation of DNA samples for ChIP-chip analysis was carried out as described[@R34] with minor modifications. An overnight culture of *Bacillus subtilis* (strain 168) was used to inoculate 800 ml of LB or LeMaster minimal medium. The culture was incubated at 30°C and during exponential growth (OD~595~ = 0.8) 1% v/v formaldehyde was added for 20 min to cross-link protein-DNA complexes. The reaction was quenched by 0.5 M glycine. Preparation of samples for microarray analysis was carried out as described[@R34].

*B. subtilis* (strain 168) Agilent 4x44K ChIP arrays with AMADID 023001 were prepared by Oxford Gene Technologies (OGT) who also carried out array hybridizations and provided the final data. Each array comprised 41,770 probes in total, covering 4,185 genes. Each probe was 60 bp and generated using Agilent's inkjet *in-situ* synthesis technology. The probes covered comprehensively the entire genome. They had an average spacing of \~100 bp with a maximum inter-probe distance of \~140 bp. The reference sample in the red (Cy5) channel was genomic *B. subtilis* (strain 168) DNA. Data analysis was carried out with a ChIP browser developed and supplied by OGT.

ChIP and quantitative real time PCRs {#S7}
====================================

Cells were grown in LB medium at 30°C to mid-exponential phase. Samples were crosslinked as above and rabbit polyclonal antibodies against DnaD, DnaB and helicase (DnaC) were used as described previously[@R20]. Immunoprecipitations were done at room temperature for 2 hours with the antibody, followed by 1 hour with 3% protein A-sepharose beads.

The quantitative real time PCRs were performed as described [@R20]. Primer pairs included: HM84 (5′-CAAGCTCACAGCGGCGGGAAAAT-3′) and HM85 (5′-GCCCTAGTTTGACTGACTACGC-3′) that amplify a sequence upstream of *rrnD*; HM43 (5′-CTGCACGACGCAGGTCACACAGGTG-3′) and HM44 (5′-CTCCCATCTGTCCGCTCGACTTGC-3′) that amplify sequences beginning upstream of *rrnO, rrnE, rrnD*, and *rrnB* and extending into the 16S rRNA gene; HM80 (5′-AGGATAGGGTAAGCGCGGTATT-3′) and HM81 (5′-TTCTCTCGATCACCTTAGGATTC-3′) that amplify sequences internal to all 23S rRNA genes.

*yhaX* is a chromosomal locus that does not have increased association with DnaD, DnaB, and helicase and was used for comparison. *yhaX* was detected with primers WKS145 (5′-CGAGCAAGGTGTCGCTTA-3′) and WKS146 (5′-GCAGGCGGTCATCATGTA-3′).

qRT-PCRs were quantified by comparison of the crossing point values generated in the PCR for each sample to standard curves generated for that primer set using chromosomal DNA as template. Data were first normalized to immunoprecipitations of *yhaX*, and then to gene copy number as determined by PCRs from "total" samples (lysates pre-immunoprecipitation). The final "fold enrichment" was determined as: ("x" IP/*yhaX* IP) / ("x" total/*yhaX* total), where "x" represents the region of interest. All data presented are the averages of at least 3 biological replicates ± standard error.

![Head-on conflicts between transcription and replication cause increased association of helicase loader protein DnaB. Association of DnaB was assessed in ChIP-chip experiments in strains containing Pxis-*lacZ* inserted at *thrC*. Cells were grown in rich medium (LB) and sampled during exponential growth. The relative enrichment of a given chromosomal position is plotted on the y-axis vs the chromosomal position on the x-axis (in bp clockwise from *oriC*). Data are shown for the chromosomal region from \~3,240 kb through \~3,400 kb. The location of Pxis-*lacZ* inserted at *thrC* is indicated. Pxis-lacZ is head-on with replication. **a.** Data from cells expressing Pxis-*lacZ* (strain JMA264). **b.** Data from cells not expressing Pxis-*lacZ* (strain JMA201). These findings were verified by qPCR ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}).](ukmss-33759-f0001){#F1}

![ChIP-chip analysis of DnaB. Wild type cells (strain 168) were grown in LB (**a**) or defined minimal medium (**b**) and sampled during exponential growth. Data are plotted as in [Fig. 1](#F1){ref-type="fig"}, except the chromosomal positions are shown from 0 kb (*oriC*) to just past *rrnI, H, G* at \~200 kb. Similar results were obtained at each identical *rrn* with both DnaD and DnaB, indicating the reproducibility of the data. Results were also confirmed by qPCR with independent samples from different strains ([Fig. 3](#F3){ref-type="fig"}). Data from other *rrn* regions are presented in Supplementary Information ([Supplementary Fig. 5](#SD2){ref-type="supplementary-material"}). The *rrn* sequences represent a consensus and were thus presented as identical[@R23]. For clarity and simplicity, we unambiguously label each individual locus according to its chromosomal location.](ukmss-33759-f0002){#F2}

![Association of helicase loader proteins DnaD and DnaB with *rrn* loci depends on transcription and the replication restart protein *priA*. Wild type cells (AG174) and the *priA-ssrA*\* mutant (WKS338) were grown to mid-exponential phase in LB medium. For wild type, samples were taken in the absence (black bars) or 4 min after treatment (gray bars) with rifampicin (30 μg/ml) to block transcription initiation. The *priA-ssrA*\* mutant (grown in the presence of 1 μg/ml of chloramphenicol to maintain selection for the mutant allele) was sampled in the absence of rifampicin (white bars). Association of DnaD (**a**) and DnaB (**b**) was analysed by ChIP-qPCR with three different primer pairs ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"}) that recognize the indicated *rrn* loci. The ChIP-qPCR signals are normalized to gene copy number (Methods), so that the signal for the 23S *rrn* probe, which should detect all 10 *rrn* loci, is normalized per locus. Data are averages from at least three independent cultures. Error bars represent standard error.](ukmss-33759-f0003){#F3}

![Association of the replicative helicase with *rrn* loci depends on transcription and is independent of *dnaA*. Samples from wild type cells (AG174) with and without rifampicin (Rif) and a *dnaA* null mutant (AIG200) were grown and analysed as described for [Fig. 3](#F3){ref-type="fig"}. Data are averages from at least three independent cultures. Error bars represent standard error. We also tested association of DnaB with the *rrn* loci using the 23S *rrn* probe and found similar association in the *dnaA* null mutant (data not shown).](ukmss-33759-f0004){#F4}
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